Telomeres comprise tandem repeated DNA sequences that protect the ends of chromosomes from deterioration or fusion with neighboring chromosomes, and their lengths might vary with sex and age. Here, age-and sex-related telomere lengths in male and female captive Siamese cobras (Naja kaouthia) were investigated using quantitative real-time polymerase chain reaction based on cross-sectional data. A negative correlation was shown between telomere length and body size in males but not in females. Age-related sex differences were also recorded. Juvenile female snakes have shorter telomeres relative to males at up to 5 years of age, while body size also rapidly increases during this period. This suggests that an accelerated increase in telomere length of female cobra results from sex hormone stimulation to telomerase activity, reflecting sexually dimorphic phenotypic traits. This might also result from amplification of telomeric repeats on sex chromosomes. By contrast, female Siamese cobras older than 5 years had longer telomeres than males. Diverse sex hormone levels and oxidative stress parameters between sexes may affect telomere length.
| INTRODUC TI ON
Telomeres comprise tandem repeated DNA sequences and associated proteins which form compound structures to protect the ends of chromosomes from deterioration or fusion with neighboring chromosomes. Longer telomeres are more likely to promote chromosomal stability than shorter ones (Blackburn, 2000) . Reduction in telomere length is probably caused by reactive oxygen species (ROS) which contribute to reduction in telomere length in vitro (von Zglinicki, 2002) , although evidence for this in vivo is mixed (Boonekamp, Bauch, Mulder, & Verhulst, 2017; Reichert & Stier, 2017) . The "end replication problem," along with downregulation of telomerase, which synthesizes telomeric DNA for telomere ends in somatic cells, leads mainly to the partial loss of telomeres in each DNA replication process (Olovnikov, 1973) . This process of gradual telomere length attrition has been linked to aging (Blackburn, 1991) . The relationship between telomere shortening and age, commonly found in vertebrates, has attracted increased attention in the context of telomere biology. Telomeres behave as biomarkers of somatic redundancy and represent effects of other biological processes on aging (Boonekamp, Simons, Hemerik, & Verhulst, 2013; Young, 2018) . Telomeres are known to shorten with increasing age in humans, some birds, and male garter snakes (Benetos et al., 2001; Bronikowski, 2008; Hausmann et al., 2003; Rollings et al., 2017) . By contrast, telomere length does not shorten with age in some longlived birds and pythons (Hall et al., 2004; Ujvari & Madsen, 2009 ).
Telomere length is involved in cellular senescence and is, therefore, important (Rodier, Kim, Nijjar, Yaswen, & Campisi, 2005) . A decrease in the body's ability to regenerate damaged cells is also related to the reduction in body size and telomere length, implying a relationship between telomere length and life history (Hornsby, 2007) .
Sex-specific telomere dynamics are possibly involved in reproductive strategies and sexual selection, in that different levels of sex hormones may induce telomere shortening, and subsequently initiate cellular senescence, resulting in differences in life span between the sexes (Barrett & Richardson, 2011) . Sex determination systems may also affect telomere length and life span. Adult mortality tends to be higher in the heterogametic sex in birds (ZZ/ZW system) and mammals (XX/XY system). Reptiles display considerable diversity in their sex chromosomes with both male and female heterogamety (XX/XY and ZZ/ZW), even within the same taxa (Olmo & Signorino, 2005) . However, no complete linkage homology is shown between most mammal/reptile XY and bird/reptile ZW chromosomes (Ezaz, Srikulnath, & Graves, 2017; Singchat et al., 2018) . Differences in telomere attrition have been found in mammals and XY reptiles of male heterogamety with age-related sex disparity. This is very rare in birds and ZW reptiles of female heterogamety, although female-biased mortality is normal in these taxa. Possibilities of sex differences in life span exist because of other deleterious recessive alleles on both autosome and sex chromosome (Barrett & Richardson, 2011) , while dynamics of telomere attrition in female heterogamety have not as yet been comprehensively described. To date, only a few ZZ/ZW ectothermic reptilian species have been investigated and further studies are required to elicit more conclusive evidence.
Snakes mostly exhibit genotypic sex determination for ZZ/ZW type (Laopichienpong, Muangmai, et al., 2017; Laopichienpong, Tawichasri, et al., 2017; Tawichasri et al., 2017) , and telomere dynamics have been characterized in snake species including water pythons (Liasis fuscus), garter snakes (Thamnophis elegans), and red-sided garter snakes (Thamnophis sirtalis parietalis) (Bronikowski, 2008; Rollings et al., 2017; Ujvari & Madsen, 2009 ). The present study makes use of precise individual age records from actively maintained populations of Siamese cobra (Naja kaouthia) to improve our understanding of age-and sex-related telomere dynamics in ZZ/ ZW species. Siamese cobras that are also ZZ/ZW species are sexually dimorphic in relation to body dimensions (head length and tail length), and males are significantly larger than females when they reach their 2nd or 3rd year and become sexually active during their 3rd or 4th year of life (Chaitae, 2011; Meesook, 2008; Singchat et al., 2018) . Most females mate every year before migrating to feeding grounds according to their annual estradiol cycle (Tumkiratiwong, Meesuk, Chanhome, & Aowphol, 2012) . Age-related telomere lengths of Siamese cobras were investigated here in relation to sexrelated differences based on cross-sectional data. The quantification of relative telomere length (RTL) was performed on the whole blood of 80 Siamese cobras (whose ages ranged from 3 weeks to 11 years) using quantitative real-time polymerase chain reaction (qPCR) to compare snout-vent length (SVL) with age. Sex-related differences in telomere dynamics are also discussed.
| MATERIAL S AND ME THODS

| Specimen collection and DNA extraction
Blood samples of 51 male and 29 female Siamese cobras were collected from Queen Saovabha Memorial Institute (QSMI), which supplies healthy snakes for venom and antivenom production (Tumkiratiwong et al., 2012) , between late February and late August 2017. All cobras were captive-bred, ranging from one to three generations in captivity. However, original source of the captive population is unknown.
All cobras were released immediately after blood sample collection and maintained in QSMI under the normal conditions throughout their lives (see Table 2 age, hormone, sex, snake, telomere also provided in small water dishes placed within the enclosures. All cobras were maintained at a temperature gradient of 27-30°C during the daytime. At night, temperatures fell to around 19-24°C across the enclosure. All cobras were exposed to ambient light cycles. The sex of each individual was identified morphologically by mating observations and sexing probes that searched for the male hemipenes (Laszlo, 1975) , and confirmed by a molecular sexing approach using specific codominant and dominant DNA markers based on gametologous genes (Laopichienpong, Muangmai, et al., 2017; Laopichienpong, Tawichasri, et al., 2017; Tawichasri et al., 2017 salting-out protocol as described previously by Supikamolseni et al. (2015) and used as templates for qPCR.
| Quantification of telomere length
Telomere length was measured using qPCR with primers Telb1
and Telb2 (5′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTAC CCT-3′) (Criscuolo et al., 2009 ). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the reference with primer sequences GAPDH-F (5′-AACCAGCCAAGTACGATGACAT-3′) and GAPDH-R (5′-CCATCAGCAGCAGCCTTCA-3′) (Criscuolo et al., 2009 ). qPCR amplification was performed using 10 μl of 2× KAPA SYBR ® FAST qPCR Master Mix (Kapa Biosystems), 0.25 μM primers, and 25 ng of genomic DNA. The PCR conditions were as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 58°C for 15 s, and 72°C for 15 s, with a final extension at 72°C for 5 min. A melt curve over a range of temperatures from 60 to 95°C was created after each run, and the melting profile showed a single peak, indicating no nonspecific product amplification. Telomere length was measured using a Mastercycler ep realplex (Eppendorf AG), and qPCRs were performed in technical triplicate for each specimen template. Control qPCRs were also run in triplicate for each primer set to ensure there was no contamination. Standard curves were produced for both telomere and GAPDH using the combined genomic DNA of six randomly selected snakes to ensure consistent rates of amplification over a wide range of DNA concentrations. Threefold serial dilutions were created from a concentration of 25 ng/µl to 0.31 ng/µl with five different concentrations providing a linear dynamic range ( Figure 1 ). According to best practice guidelines (Nolan, Hands, & Bustin, 2006) , the reaction was considered in relation to a straight line with R 2 exceeding 0.971 and 0.989 for GAPDH and telomere, respectively, and fitted to the values obtained. Efficiency E = −1 + 10 (−1/slope) of telomere amplification was 1.10, and the efficiency of GAPDH amplification was 1.02. To test intraplate repeatability, intra-assay coefficient of variation (CV) was measured in triplicate for six samples. Percentage CV for each sample was calculated by searching the standard deviation (SD) of each triplicate Ct value of GAPDH (S) and telomere (T), respectively, then dividing by the triplicate mean and multiplied by 100. Intraassay % CVs should be less than 10 (Hanneman, Cox, Green, & Kang, 2011; Schultheiss & Stanton, 2009) . Here, the intra-assay CV was 2.6266-3.7075 and 6.7238-7.8332 for S and T, respectively. All samples fell within the concentration range generated by the standard curve. The starting concentrations of T and reference gene S were used to calculate the RTL with the calculation of T/S ratio as the copy number of telomeric repeats (Cawthon, 2002; Criscuolo et al., 2009 ).
To test intra-and interplate repeatability, eighty cobra samples were run in triplicate on eight different plates to monitor plate-to-plate variation. The plate mean for each triplicate value was calculated and subsequently computed to determine the overall mean, SD, and % CV. Interassay % CVs of less than 15 are generally acceptable (Hanneman et al., 2011; Schultheiss & Stanton, 2009) . In this study, the interassay CV (n = 8) was 3.1055, while for intra-assay CV, it was 1.8027-2.1082 and 4.2070-5.0438 for S and T, respectively.
| Statistical analyses
All analyses were performed using R statistical software version in the full model, sex by itself was not a significant factor but its interactions with SVL and age were significant (p < 0.04; see Table 3 in Appendix A), suggesting that relationships between RTL and other factors were sex-dependent.
An initial exploratory analysis revealed that the data obtained from males and females were quite different. We then analyzed the sexes separately. To determine snake growth patterns over time, a logistic growth model was fitted to the relationship between SVL and age for each sex using the function "nls" (Fox & Weisberg, 2010) .
For RTL analysis, a total of six models with age and SVL as explanatory variables were examined using the "lm" function. Adjusted R 2 , Akaike's information criterion (AIC), log-likelihood, and p-values were retrieved for each model using the "glance" function in the "broom" package (Robinson & Hayes, 2018 (Table 1) . Analysis of covariance (ANCOVA) was also performed using the "lm" function with sex as the main effect and the age as a covariate, as well as their interaction (sex: age). RTL values were log-transformed prior to the analysis. The significant interaction terms (p < 0.05) indicated that the age-related change in RTL differed between males and females.
| RE SULTS
Estimations of body size based on SVL were conducted to examine the relationships between age and sex for Siamese cobras. Results Relationships between RTL, age, and body size were examined for each sex using six candidate models (five linear and one quadratic). Linear and quadratic models (between RTL and age) were found to be most suitable and simplest for male and female cobras, respectively ( Table 1) . The effect sizes, along with 95% confidence intervals (CI), were estimated for the selected models (see Table 4 in Appendix A). However, relationships between age and RTL differed between males and females ( Figure 3) . In male cobras, RTL decreased Figure 4a ). Interaction between age and sex was also significant (p age:sex < 0.01), indicating that age-related changes in RTL differed between sexes. RTL showed a slight decrease with age in males, but a positive correlation was observed between RTL and age in females (see Table 5 in Appendix A). However, in the 5-11 years old range, RTL decreased linearly with age in both males and females (p age < 0.01; Figure 4b ). Female telomeres were longer than F I G U R E 3 Relationship between age and relative telomere length (RTL: T/S ratio) in male (a) and female (b) Siamese cobra (Naja kaouthia) from 0 to 11 years. Solid lines show predicted values from the best-fitted models as a quadratic model for females and a linear model for males (R 2 = 0.48, p < 0.01). Shaded areas around the regression lines represent 95% confidence intervals around the predicted values F I G U R E 4 Relationship between age and relative telomere length (RTL) in Siamese cobra (Naja kaouthia) from (a) 0 to 5 years and (b) 5 to 11 years. Black circles represent the data from males, and orange triangles represent data from females. Black solid lines and orange dashed lines represent the regression lines for males and females, respectively. Shaded areas around the regression lines represent 95% confidence intervals around the predicted values males (p sex = 0.01); however, age-related changes in RTL were not significantly different between sexes (p age:sex = 0.25; see Table 6 in Appendix A). The effect sizes, along with 95% CI, were estimated for models of 0-5-and 5-11-year-old Siamese cobras (see Tables 7 and   8 in Appendix A).
| D ISCUSS I ON
Potential links between telomere length, age, and sex-related differences remain poorly understood within ZZ/ZW ectothermic reptiles (Barrett & Richardson, 2011) . Body size positively correlated with age for both sexes. This result was at odds with that seen for redsided garter snakes, where female but not male body size was related to age (Rollings et al., 2017) . By contrast, correlation between body size and telomere length was observed in male but not in fe- (Barrett & Richardson, 2011) . This suggests that increase in female telomere length is caused by upregulation of telomerase activity with the sex hor-
mone. An assessment of telomerase activity with sex hormones in the somatic tissues of hatchlings and adult Siamese cobras is required to test this hypothesis. However, a false-positive result might occur because of the very small sample size for individuals less than 1 year old (see Table 2 in Appendix A). This study only considered cross-sectional data. Longitudinal data with more samples are necessary to confirm our results. Increase in telomere length across the lower age range has been previously reported in reptiles with frequently repeated measurement of study individuals (Barrett & Richardson, 2011; Olsson, Pauliny, Wapstra, & Blomqvist, 2010; Ujvari & Madsen, 2009 ). An alternative explanation involves the distribution of telomeric repeats on sex chromosomes. Female sand lizards (Lacerta agilis) show heterogametic sex for ZZ/ZW type, and remarkable amplification of the telomeric repeats has been found on the W sex chromosome (Matsubara et al., 2015) . A significantly positive correlation between age-related telomere lengths (range 2-8 years) also points to telomere addition in young sand lizards (Olsson et al., 2010) .
Specific amplification of telomeric repeats was also found on the W chromosome of Siamese cobra (Singchat et al., 2018) , suggesting that co-opted telomeric DNA amplifications on sex chromosomes drive the increase of telomere length in early life history.
However, qPCR cannot be used to differentiate between true and telomeric-like interstitial telomeric sequences (ITSs) (Augstenová, Mazzoleni, Kratochvíl, & Rovatsos, 2018) . This suggests that the longer relative telomere length in female Siamese cobras may simply reflect the inclusion of telomeric repeats in sex-linked ITSs as seen in qPCR measurements. Further research is necessary to more comprehensively understand the degenerate W chromosome and its links with female fitness in snakes.
Female Siamese cobras older than five years had longer telomeres than males at the same age. Similar age-related telomere length sex differences were also found in water pythons and other vertebrates (Barrett & Richardson, 2011; Jemielity et al., 2007; Ujvari & Madsen, 2009) , indicating a relationship between high mortality and telomere maintenance in somatic cells resulting in shorter life span (Hornsby, 2007; Kirkwood, 1977; Tricola et al., 2018) .
However, no evidence of a difference in maximum age between sexes in Siamese cobras has been recorded. Additional age and life span information for Siamese cobra are required to confirm this possibility. Contrary to estrogen, testosterone and corticosterone increase susceptibility to oxidative stress in males and might lead to telomeric attrition and cellular senescence (Barrett & Richardson, 2011) . This suggests that telomeres were shorter in males than females, possibly resulting from links between sex hormones and parameters of oxidative stress. Increased understanding of oxidative stress levels, hormones, and snake life span is required to elucidate this relationship.
Scenarios of telomere dynamics in females are not consistent across snake species (Bronikowski, 2008; Rollings et al., 2017; Ujvari & Madsen, 2009) , suggesting that this phenomenon is not conserved in snakes. Correlations between sex, telomere length, age, and physiological constraints across taxa are necessary to confirm age-related sex differences in telomere dynamics. Snakes from many diverse environments must also be studied. Shorter telomere length with age might be somewhat obscured by the selection of captive individuals through parental effects. Further research is essential to determine whether telomere shortening in a variety of tissues simply reflects a reduced life span or whether it plays a more causal role with genetic significance. 2561096003001) awarded to S.B. and K.S. We would like to thank QSMI and ZPO for their assistance with sample collection.
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Specimen information including age, sex, body size, and relative telomere length (RTL) of Siamese cobra (Naja kaouthia) is shown in TA B L E A 5 ANCOVA analysis of the relationship between relative telomere length (RTL), age, and sex for 5-11-yearold Siamese cobras (Naja kaouthia)
